The castaneous (CAST) mouse, a wild-derived inbred strain, is highly susceptible to orthopoxvirus infection by intranasal and systemic routes. The 50% lethal intraperitoneal dose of vaccinia virus (VACV) was 3 PFU for CAST mice, whereas BALB/c mice survived 10 6 PFU. At all times and in all organs analyzed, virus titers were higher in CAST than in BALB/c mice. In individual CAST mice, luciferaseexpressing VACV was seen to replicate rapidly leading to death, whereas virus levels increased for a few days and then declined in BALB/c mice. Increases in gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) were delayed and low in CAST mice compared to BALB/c mice following VACV infection or poly(I-C) inoculation, consistent with differences in innate immune responses. In addition, naive CAST mice had considerably lower numbers of NK and T cells than BALB/c mice. The percentage of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells increased following infection of CAST mice only after considerable virus spread, and the absolute cell numbers remained low. Administration of exogenous IFN-␥ or -␣ to CAST mice before or during the first days of infection suppressed virus replication and prolonged survival, allowing the mice to make adaptive CD4 ϩ and CD8 ϩ T cell responses that were necessary to clear the virus after cessation of interferon treatment. Thus, insufficient innate cytokine and cellular immune responses contribute to the unique susceptibility of CAST mice to VACV, whereas the adaptive immune response can be protective only if virus replication is suppressed during the first several days of infection. IMPORTANCE Most inbred mouse strains are relatively resistant to orthopoxviruses. The castaneous (CAST) mouse is a notable exception, exhibiting extreme vulnerability to monkeypox virus, cowpox virus, and vaccinia virus and thus providing a unique model for studying pathogenicity, immunity, vaccines, and antiviral drugs. To fully utilize the CAST mouse for such purposes, it is necessary to understand the basis for virus susceptibility. We showed that naive CAST mice make low IFN-␥ and TNF-␣ responses and have low levels of NK cells and CD4 ϩ and CD8 ϩ T cells compared to a resistant classical inbred mouse strain. Attenuating virus replication with one or more doses of exogenous IFN-␣ or -␥ before or during the first few days of infection enabled the development of adaptive cellular immunity and clearance of virus. Further genetic studies may reveal the basis for the low innate immunity.
from BALB/c mice as well as previous data suggesting that spread to internal organs is the cause of death even when the virus is administered i.n.
Virus replication in organs. Groups of BALB/c and CAST mice were infected i.p. with 10 6 PFU of VACV and sacrificed at various times postinfection, and virus titers were determined by plaque assay. Virus was detected in the ovaries, spleen, and peritoneal cells and fluid at 6 h and was increased at 48 h postinfection in both mouse strains ( Fig.  2A ). Virus was not detected in the plasma until 24 h in CAST mice and 48 h in BALB/c mice. At all times and in all organs and compartments analyzed, virus titers were higher in CAST than in BALB/c mice.
In order to follow replication for a longer period in the CAST mouse, we infected both strains with approximately 10 2 PFU and also repeated the infection of BALB/c mice with 10 6 PFU for comparison. Mice were euthanized on days 4, 6, and 8 postinfection, and virus yields were determined. At the low dose, there was a striking difference in the amount of virus in organs from CAST and BALB/c mice; e.g., the amount in CAST mice was 2 to 5 logs higher than that in BALB/c mice, except for the ovary, in which the difference was little more than 1 log (Fig. 2B ). In addition, virus was no longer detected at day 8 in many organs, including lung, spleen, brain, ovary, and lymph node of BALB/c mice infected with the low dose, while the virus titers in organs of CAST mice remained uniformly high. Even at the high dose of 10 6 PFU, the virus yields in all organs except ovaries were lower in BALB/c mice than those in CAST mice infected with 80 PFU.
More virus was detected in the organs of CAST mice than in those of BALB/c mice, even at 6 h, which is before there is extensive virus replication. In vitro experiments were carried out to investigate whether there is a difference in the susceptibilities of cells from CAST and BALB/c mice to virus infection. Spleen cells from CAST and BALB/c mice were infected overnight with 10 PFU/cell of a VACV strain that expressed green fluorescent protein (GFP) under an early/late promoter. Analysis by flow cytometry showed that a relatively small percentage of cells were infected, in the following order: B cells Ͼ NK cells Ͼ T cells (Fig. 2C ). The percentage of infected cells of each type was severalfold higher from CAST mice compared to BALB/c mice. This could represent an intrinsic difference in the susceptibilities to infection of cells from the two mouse strains. However, we will show in a subsequent section that BALB/c mice produce larger amounts of IFN-␥ than CAST mice, and we considered that this might contribute to the lower numbers of spleen cells infected in vitro. Although this may be correct, the levels of IFN-␥ and IFN-␣ in the supernatant were below our level of detection (data not shown).
Bioluminescence imaging. Bioluminescence imaging has the advantage of allowing tracking of virus spread in individual animals over the course of the disease. We infected mice with WRvFire, a recombinant VACV with no genes disrupted that expresses firefly luciferase under the control of an early/late promoter (9) . Previous studies showed that luciferase expression does not affect virulence of VACV or MPXV (10, 11) . Groups of CAST mice were infected i.p. with 10 2 or 10 6 PFU of WRvFire, whereas BALB/c mice were infected only with the higher dose. The animals were imaged repeatedly, starting at 6 h postinfection and continuing until death or clearance of virus. The images may be directly compared as the same exposure time and color scale were used. The luminescence in CAST and BALB/c mice was mainly localized to the abdominal area, although there were large differences in intensity and timing depending on the size of the inoculum and mouse strain ( Fig. 3A ). Living Image software was used to calculate the total photon flux (photons per second per square centimeter per steradian) of the entire animals, which was averaged for each group in Fig. 3B . At 6 h postinfection, the intensities of luminescence appeared similar in BALB/c and CAST mice infected with 10 6 PFU. However, luciferase levels in the BALB/c mice increased only slightly thereafter and began to diminish within a few days. In contrast, replication was rapid and robust in CAST mice infected with 10 6 PFU, with an increase in luminescence of more than 2 logs before the mice succumbed by day 4. At the 10 2 -PFU dose in CAST mice, luminescence increased more slowly (Fig. 3B ); although the photon flux appeared to be decreasing, there were only two survivors by day 6 and one by day 16 in the 10 2 -PFU group. The maximum photon fluxes were 1.5 ϫ 10 11 and 2.7 ϫ 10 10 photons/s/cm 2 in CAST mice infected at 10 6 and 10 2 PFU, respectively, compared to 3.5 ϫ 10 9 photons/s/cm 2 in BALB/c mice. Taken together, the data indicated that the greater susceptibility of CAST mice than BALB/c mice correlated with the failure to limit virus replication during the first few days and subsequently clear the virus.
Cytokine responses. To investigate whether differences in the innate immune responses of CAST and BALB/c mice could contribute to their distinct sensitivities to VACV infection, we measured IFN-␣, IFN-␤, IFN-␥, and TNF-␣ levels in the plasma, spleen, and liver. The main producers of IFN-␣, IFN-␤, IFN-␥, and TNF-␣ are leukocytes, fibroblasts, NK cells plus T cells, and activated macrophages, respectively.
First, we wanted to determine the ability of CAST mice to make an innate immune response in the absence of virus infection. For this analysis, CAST and BALB/c mice received an i.p. injection of poly(I-C), a mimic of double-stranded RNA and a Toll-like receptor 3 (TLR3) ligand. IFN-␣ and IFN-␤ increased by about 2 logs in the plasma and spleens and somewhat less in the livers of both mouse strains, although IFN-␤ was slightly higher in the BALB/c mice ( Fig. 4 ). There was also a slightly higher level of TNF-␣ in BALB/c mice compared to CAST mice. The most consistent difference was in IFN-␥, which was higher at each time point in all three organs of BALB/c mice than in CAST mice ( Fig. 4 ).
Next, CAST mice were infected i.p. with a lethal dose of 200 PFU and BALB/c mice with a sublethal dose of 10 6 PFU of VACV. Despite the difference in the amounts of virus inoculated, we confirmed in this experiment that larger amounts of virus were present in the spleens of CAST mice compared to BALB/c mice from 24 h on and in the livers from 48 h on (not shown). In contrast to the cytokine results with poly(I-C), there was no increase in IFN-␣ following i.p. infection of CAST or BALB/c mice, and IFN-␤ only increased in CAST mice at 72 h, after extensive virus spread and likely tissue destruction occurred ( Fig. 5 ). As with poly(I-C), the IFN-␥ response was lower in CAST mice than in BALB/c mice at all times and tissues. TNF-␣ was also lower in CAST mice than in BALB/c mice ( Fig. 5 ). Thus, CAST mice made lower IFN-␥ and TNF-␣ responses than BALB/c mice in response to poly(I-C) and VACV.
Analysis of splenic NK cells. NK cells were of particular interest since they produce IFN-␥ and TNF-␣, are among the first lymphocytes to become activated following virus infection (12, 13) , and are important in limiting the replication of VACV in mice (14-16). It was reported previously that i.p. infection of C57BL/6 mice with VACV results in decreased numbers of NK cells in the spleen during the first 2 days, followed by an increase between days 3 and 5 due to active proliferation (17) . In the present study, BALB/c mice were infected i.p. with a sublethal dose of 10 6 PFU of VACV and sacrificed on days 4, 6, 8, and 20. Splenic NK cells were enumerated by flow cytometry using antibodies that recognize mouse CD3 and CD49b (18) . Total BALB/c CD3 Ϫ CD49b ϩ cell numbers increased and peaked on day 8, whereas the subset of IFN-␥-producing NK cells, determined after phorbol 12-myristate 13-acetate (PMA)-ionomycin stimulation, increased significantly (P ϭ 0.0016) by day 4 and maintained high levels through day 8 ( Fig. 6B ).
CAST mice were infected i.p. with a lethal dose of 80 PFU of VACV and sacrificed on days 4, 6, and 8. The total numbers of splenic NK cells in naive CAST mice were more than a log lower than in naive BALB/c mice, and they decreased further by day 4, with little recovery on subsequent days ( Fig. 6A ). Although a high percentage of CAST NK cells expressed IFN-␥, the absolute numbers were very low.
IFN-␥-producing CD4 ؉ and CD8 ؉ T cells. CD4 ϩ and CD8 ϩ T cells provide additional sources of IFN-␥, although later after infection than NK cells. Indeed, previous studies showed that expansion of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells occurs in the spleen, peaking on day 7 following i.p. infection of BALB/c mice with VACV WR (19) . In the present study, infected CAST and BALB/c mice were euthanized on days 4, 6, and 8 postinfection and the total numbers of splenic cells and IFN-␥-producing CD4 ϩ and CD8 ϩ T cells were determined after PMA-ionomycin activation. BALB/c mice infected with 10 6 PFU of VACV exhibited nearly a 3-fold increase in the total number of spleen cells by day 6 postinfection and 3-and 4-fold increases in IFN-␥-producing CD4 and CD8 cells (Fig. 7B ). The increases corresponded in time with clearance of virus.
In naive CAST mice, there was a remarkably low number of total spleen cells ( Fig. 7A) , with the majority being B cells (data not shown). IFN-␥-producing CD4 and CD8 T cells increased 4-and 5-fold by day 6, but the absolute numbers remained low. Moreover, the increase occurred after extensive virus replication.
We were only able to measure cellular immune responses of CAST mice after infection with low doses of the virulent WR strain of VACV because of the rapid death at high doses. We considered the possibility that prolonged survival and better immune responses might occur with higher doses of an attenuated VACV strain. Preliminary studies with the ACAM2000 strain of VACV established that it was nonlethal for CAST and BALB/c mice, enabling use of equivalent high virus doses in both mouse strains. Groups of CAST and BALB/c mice were infected i.p. with 10 7 PFU and euthanized on day 8 postinfection. In BALB/c mice, the numbers of CD4 ϩ IFN-␥ ϩ and CD8 ϩ IFN-␥ ϩ spleen cells increased more than 2-fold ( Fig. 8 ), which was slightly less than occurred after infection with VACV WR. CAST mice had nearly 6-fold increases in CD4 ϩ IFN-␥ ϩ and CD8 ϩ IFN-␥ ϩ cells ( Fig. 8) , also similar to what occurred upon infection with VACV WR. Despite the increases in the percentage of IFN-␥ cells, the absolute numbers were still much lower in CAST mice than in BALB/c mice. NK IFN-␥ ϩ cell numbers were not significantly changed upon infection of either mouse strain with ACAM2000 (not shown).
Protection of CAST mice by treatment with exogenous IFN-␥, IFN-␣, or poly(I-C). Because of the rapid replication of VACV WR leading to death in CAST mice, we were still uncertain whether they were capable of developing an effective adaptive immune response. To investigate this, we enhanced the weak innate immunity of CAST mice by providing exogenous cytokines to attenuate virus replication and allow a 
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Journal of Virology window of time for development of adaptive immunity. Delivery of IFN-␥ on 5 consecutive days starting on the day of challenge fully protected mice from subsequent death, whereas a similar treatment regimen initiated 4 days after challenge was only partially protective ( Fig. 9A) . A single dose of IFN-␥, given on the day of challenge or up to 6 days prior to challenge, still protected 50% or more of the animals, whereas a single dose at 2 or 4 days after infection had no effect ( Fig. 9B ). Poly(I-C) or IFN-␣ also protected CAST mice. Survival was 100% when poly(I-C) was given on day 0 or when IFN-␣ was provided for the first 4 days (Fig. 9C) . A single injection of IFN-␣ on day 0 protected 4 of 5 animals; there was less protection when IFN-␣ was given on day Ϫ2 or Ϫ4 (Fig. 9C ). The ability of both type I and type II IFNs to protect indicated that the effect was not specific for the latter. The ability of CAST mice to survive even after cytokine administration was stopped suggested the development of an effective adaptive immune response. 
Role of T cells in clearing VACV following IFN-␥ treatment.
We assessed the importance of T cells during and after the period of IFN-␥ treatment, by depleting CD4 ϩ and/or CD8 ϩ cells prior to infection. The extent of depletion was determined by flow cytometry and shown to be Ͼ98% for CD4 ϩ and CD8 ϩ T cells on days 5, 13, and 29 after administration. Mice were untreated or treated with exogenous IFN-␥ on 4 consecutive days, beginning on the day of challenge. As expected, mice that did not receive IFN-␥ mostly succumbed within 8 days, regardless of whether T cells were depleted or not (Fig. 10 ). Mice that received IFN-␥ nearly all survived when T cells were not depleted (e.g., received control isotype monoclonal antibody [MAb]). When both CD4 ϩ and CD8 ϩ T cells were depleted, the mice survived for 5 or more days after the cessation of IFN-␥ treatment, but most then succumbed ( Fig. 10 ). When only one T cell subset was depleted, the survival rate was 70 to 80% ( Fig. 10) . Thus, both cell types contributed to protection.
Insight into how T cell depletion and IFN-␥ treatment affected virus replication was attained by imaging CAST mice at intervals after infection with a lethal dose (560 PFU) of WRvFire. In the absence of IFN-␥, virus replication was rapid and robust, with high levels of luminescence on day 4 in CAST mice (Fig. 11A) . IFN-␥ given on days 0 to 4 dramatically reduced virus replication regardless of whether T cells were depleted, as determined by luciferase activity on the final day of treatment. Clearing of virus occurred on subsequent days in mice receiving control isotype MAb (Fig. 11A ). Mice depleted of either CD4 ϩ or CD8 ϩ T cells showed a rise in luminescence, which was higher in the CD8-depleted group but in each case was followed by clearing in survivors. However, mice that were depleted of both CD4 ϩ and CD8 ϩ T cells exhibited a progressive increase in luminescence that by day 14 reached a level equivalent to that in nontreated mice, and all succumbed. Thus, T cells were not required to restrict virus replication during the 4 days of IFN-␥ treatment but were necessary to prevent extensive replication thereafter.
Virus replication was also followed by luminescence in T-cell-depleted BALB/c mice that were not treated with IFN-␥. Mice were infected with 10 6 PFU of WRvFire and imaged until day 16. Two days after infection, similar levels of virus were detected regardless of whether T cells were depleted or not (Fig. 11B) . Virus was rapidly cleared in normal mice but was sustained for several days in mice that were either CD4 ϩ or CD8 ϩ T cell depleted and for a longer time when both subtypes were depleted. Nevertheless, the BALB/c mice all survived.
Antibody titers in the surviving mice from the luminescence experiments were determined on day 29. The titers of CD8-depleted mice were similar to those of the isotype controls, whereas the titers were lower in the surviving CD4-depleted CAST mice (Fig. 11C) . Although, BALB/c mice lacking CD4 ϩ T cells had lower antibody titers than the isotype control and CD8 ϩ T-cell-depleted groups, the titers were still substantial and might have contributed to clearance. These results were consistent with the known role of CD4 ϩ T cells in enhancing antibody responses.
Since depletion of CD4 ϩ T cells led to a reduced VACV antibody response, we investigated the effect of depleting B cells with mouse anti-mouse CD20 MAb. Previous studies have shown that depletion is dependent on Fc receptor mechanisms, occurs mainly in the liver by Kupfer cells, and is dependent on circulatory dynamics (20) (21) (22) . Although we could achieve 96 to 99% depletion in BALB/c mice, depletion occurred more slowly and was lower in CAST mice. In one experiment in which 200 g of MAb CAST mice were inoculated i.p. with antibodies to CD4 or CD8 cells alone or CD4 plus CD8 cells or with isotype-specific antibodies on days Ϫ3 and Ϫ4 and infected with 212 to 560 PFU of VACV on day 0. IFN-␥ was administered daily on days 0 to 3. Survival data were combined from 3 separate experiments. Two experiments were performed with VACV WR and the third with VACV WRvFire. Bioluminescence data obtained with WRvFire were used for the experiment shown in Fig. 11 . was given i.p., the B cell numbers in the blood of CAST mice were reduced 70 to 73% by day 7, after which time a 4-day course of IFN-␥ was started and the mice were infected. All mice survived regardless of whether B cells were depleted. In a second experiment, the mice were injected intravenously with 100 g of MAb, resulting in 82 to 87% depletion of B cells by day 13, after which IFN-␥ treatment was started and the mice were infected. Again, all mice survived. At the end of experiment 1, the anti-VACV enzyme-linked immunosorbent assay (ELISA) reciprocal endpoint titers varied from 1,600 to 300,000 (median, 19, 200) in nondepleted mice and from Ͻ100 to 19,200 (median, 3,200 ) in B-cell-depleted mice. At the end of experiment 2, the titers varied from 19,200 to 200,000 (median, 52,000) in nondepleted mice and from Ͻ100 to 38,800 (median, 12,000) in B-cell-depleted mice. The antibody titers reflected the incomplete depletion of B cells. However, even individual animals with very low antibody titers survived, suggesting that T cells were most important.
DISCUSSION
Commonly used laboratory mouse strains are relatively resistant to infection by most orthopoxviruses, so that high doses are required to elicit disease and death. An exception is ectromelia virus, for which there are highly susceptible mouse strains. Experimental and genetic studies indicate type 1 cytokines, particularly IFN-␥, and the potency of the cell-mediated immune response account for differences between ectromelia-resistant C57BL/6 mice and susceptible BALB/c, A/J, and DBA/2 mice (23) (24) (25) . Nevertheless, those ectromelia-susceptible as well as resistant strains are all resistant to MPXV (1, 26) and relatively resistant to other orthopoxviruses. However, SCID mice lacking functional B and T cells are susceptible to MPXV given i.p. or i.n. (27, 28) , and STAT 1-deficient mice defective in type 1 and 2 IFN signaling are vulnerable to i.n. infection (28) . Thus, MPXV has an intrinsic ability to replicate and spread in the mouse but is inhibited by immune mechanisms. It was therefore of interest to determine why CAST mice are more susceptible to orthopoxviruses, including MPXV, cowpox virus, and VACV, than more widely used strains such as BALB/c. BALB/c mice are more susceptible to administration of VACV by the i.n. route than the i.p. route, whereas the reverse was true for CAST mice. Virus titrations demonstrated higher titers of virus in all abdominal organs of CAST mice compared to BALB/c mice starting at 6 h after i.p. infection. Live imaging of individual mice infected with a recombinant VACV expressing luciferase confirmed virus spread throughout the abdominal organs of CAST mice, leading to death in 4 to 8 days, depending on the dose. Although virus spread also occurred during the first few days in BALB/c mice, clearing subsequently occurred. The above scenario suggested to us a relative deficiency in the immediate innate immune response of CAST mice compared to BALB/c mice, which was confirmed by determining cytokine levels in the plasma, spleen, and liver. We found that BALB/c made more rapid and higher IFN-␥ and TNF-␣ responses than CAST mice following infection with VACV or inoculation of poly(I-C). Rapid induction of IFN-␣ and -␤ occurred after injection of poly(I-C) but not VACV in both mouse strains.
The low level of IFN-␥ in CAST mice may be related to a relative deficiency in NK cells. Of 32 inbred mouse strains examined for the number of NK cells in the blood (Mouse Phenome Database), CAST was number 29 and MOLF was 32. MOLF, like CAST, is a wild-derived inbred strain that is highly susceptible to MPXV (1) but was not further studied because of availability issues. In the present study, we found that the number of NK cells in spleens of naive CAST mice were more than a log lower than in BALB/c mice. CAST mice also had lower numbers of CD4 ϩ and CD8 ϩ T cells than BALB/c mice. Even though the percentages of cells capable of expressing IFN-␥ increased in the spleens of CAST mice, the total numbers were still low, and by this time the virus had replicated extensively. A recent study showed that CAST mice are susceptible to influenza virus, which was also attributed to low numbers of NK cells and CD4 ϩ and CD8 ϩ T cells (5) .
We considered that if the susceptibility of CAST mice is mainly due to an insufficient innate immune response, then administration of cytokines might alleviate the deficiency and provide a protected window during which an adaptive immune response could be established. On the other hand, the protection afforded by cytokines might be short-lived if CAST mice were also incapable of making a sufficient adaptive immune response. Our previous study had shown that providing exogenous IFN-␥ i.n. during the first 5 days after i.n. infection of CAST mice with MPXV allowed the animals to survive, but the basis for this was not explored (8) . In the present study, we demonstrated that either IFN-␥, IFN-␣, or poly(I-C) administered before or immediately after infection prevented lethality following i.p. infection. Bioluminescent imaging revealed that IFN-␥ reduced the virus load substantially and that the virus was cleared after halting treatment.
The above results led to the question of whether CD4 ϩ and CD8 ϩ cells contributed either to the initial reduction in virus load in IFN-␥-treated mice or the subsequent clearing of virus. Specific antibodies were used to deplete either CD4 ϩ or CD8 ϩ T cells alone or CD4 ϩ and CD8 ϩ cells together prior to infection and administration of IFN-␥. The depletion of both T cell subsets did not prevent the suppression of virus replication while IFN-␥ was being provided. However, after IFN-␥ administration was stopped, extensive virus replication occurred, leading to death of the T-cell-depleted animals. Some animals survived after depletion of only CD4 ϩ or CD8 ϩ T cells but not after depletion of both. Previous studies had shown that one T cell subset alone was sufficient to control infection in C57BL/6 mice infected i.p. with VACV strain WR (29) . Thus, the IFN-␥ (and presumably IFN-␣) provided CAST mice with a window of time to develop a CD4 ϩ -and CD8 ϩ -dependent adaptive immune response. Since a reduction in anti-VACV antibodies occurred when CD4 ϩ cells were depleted, we depleted B cells in additional experiments. Although depletion was variable and incomplete, all animals survived, including those that made low or insignificant anti-VACV antibody responses. Thus, the ability of CAST mice to clear virus after cessation of IFN-␥ was dependent mainly on T cells and not B cells.
In conclusion, we propose that deficient innate immunity marked by very low numbers of NK cells in naive animals and a reduced IFN-␥ response upon infection contribute to the susceptibility of CAST mice to VACV and presumably other orthopoxviruses. CAST mice can be protected by administration of exogenous IFN-␥ but also by IFN-␣. The key appears to be suppression of virus replication until the development of an adaptive immune response by CD4 ϩ and CD8 ϩ T cells. The basis for the susceptibility of CAST mice is likely to be complex based on initial genetic studies (2) . The CAST mouse is one of the eight collaborative cross founder strains (http://csbio.unc.edu/ CCstatus/index.py), which may facilitate further investigations.
MATERIALS AND METHODS
Cells and viruses. BS-C-1 cells were maintained at 37°C and 5% CO 2 in modified Eagle's minimal essential medium (Quality Biologicals, Inc., Gaithersburg, MD) supplemented with 8% heat-inactivated fetal bovine serum, 10 U of penicillin/ml, 10 mg streptomycin/ml, and 2 mM L-glutamine. The WR strain of VACV was propagated and purified as previously described (30) .
Mice. Female CAST/EiJ and BALB/c mice were obtained from Jackson Laboratories (Bar Harbor, ME) and Taconic Biotechnology (Germantown, NY), respectively, and maintained in small ventilated microisolator cages.
Infection of animals. On the day of infection, VACV was thawed, sonicated, and diluted in phosphate-buffered saline (PBS) containing 0.05% bovine serum albumin. Infections were performed by delivery of 100 to 200 l of virus into the peritoneal cavity. Mock-infected animals were inoculated with a similar volume of diluent. The titer of each dose was verified by plaque assay on BS-C-1 cells. Animals were weighed and observed 5 to 7 days per week for up to 22 days postinfection. Animals that became moribund were euthanized in accordance with NIAID animal care and use guidelines. All experiments were performed in an animal biosafety level 2 (ABSL-2) or ABSL-3 facility with approval of the NIAID Animal Care and Use Committee.
Bioluminescence imaging. An IVIS 200 system (PerkinElmer, Waltham, MA) was used for live imaging. D-Luciferin (PerkinElmer) was injected i.p. (150 g/g body weight) 10 min prior to imaging. Animals were maintained under isoflurane anesthesia for the duration of the procedure. Luminescent images were collected for 1 to 60 s with small or medium binning factors. A single region of interest was drawn around the entire body, and light emission was measured in photons per second per square candela per steradian (photon flux). Acquisition and analysis were performed with Living Image software (PerkinElmer).
Titration of virus from infected animals. Major organs (lung, liver, spleen, brain, kidney, ovary, and inguinal lymph nodes) were harvested at specified times postinfection or at time of death, placed in 2 to 3 ml of balanced salt solution containing 0.1% bovine serum albumin, and frozen at Ϫ80°C. Organs were thawed, homogenized with a GLH-1 mechanical grinder equipped with a hard-tissue probe (Omni International, Kennesaw, GA) and sonicated for three 45-s intervals in ice water. Tissue homogenates were clarified by centrifugation for 20 s at 400 ϫ g in a 4515 microcentrifuge (Eppendorf, Hauppauge, NY). Peritoneal cavities of infected animals were washed with 2.5 to 5 ml of ice-cold RPMI medium (Quality Biologicals, Inc.), and cells were harvested by centrifugation at 2,500 rpm for 10 min at 4°C. Supernatants were saved, and cell pellets were suspended in RPMI-2% fetal bovine serum (FBS) and subjected to three freeze-thaw cycles prior to virus titration. Both tissue homogenate and peritoneal wash samples were aliquoted, frozen, and stored at Ϫ80°C. Virus titers were determined by serial dilution and plaque assay on BS-C-1 cells.
Stimulation and intracellular cytokine staining of lymphocytes. Splenocytes were prepared from individual mice at specified times postinfection. For stimulation, 1.5 ϫ 10 6 cells were incubated with 25 mg/ml of phorbol 12-myristate 13-acetate (PMA) and 1 g/ml of ionomycin (Sigma-Aldrich, St. Louis, MO). After 1 h at 37°C, brefeldin A (Sigma-Aldrich) was added to 10 g/ml. Samples were incubated at 37°C for another 5 h and then at 4°C overnight. Cells were incubated with anti-CD16/32, clone 2.4G2 (a gift of Jack Bennink, NIAID), for 10 min then stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD3e, phycoerythrin (PE)-conjugated anti-CD4, and peridinin chlorophyll a protein (PerCP-Cy5.5)conjugated anti-CD8 for 1 h on ice. Alternatively, cells were stained with FITC-conjugated anti-CD3 and PE-conjugated anti-CD49b. After fixation and permeabilization, cells were stained with allophycocyanin (APC)-conjugated anti-IFN-␥ for 1 h on ice and washed and suspended in 2% paraformaldehyde. All conjugated anti-mouse antibodies were purchased from BD Pharmingen (San Jose, CA). Approximately 150,000 cells were acquired on a FACSCaliber cytometer using Cell Quest software (BD Biosciences, San Jose, CA) and analyzed using Flowjo software (TreeStar, Cupertino, CA).
Poly(I-C) inoculation. Endotoxin-free water was added to 1 mg of lyophilized poly(I-C) (Invivogen, San Diego, CA) to prepare a 1-mg/ml stock solution. Groups of BALB/c and CAST/EiJ mice were inoculated i.p. with 200 l (200 g) of reconstituted poly(I-C), and organ samples were collected 6 and 24 h later. To evaluate protection, CAST mice were challenged at 6 h after poly(I-C) administration.
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Journal of Virology Cytokine assays. Cytokine measurements were performed on plasma, spleen, and liver samples from poly(I-C)-treated and VACV-infected CAST and BALB/c mice. Whole blood obtained from the submandibular vein was collected in EDTA-treated tubes at specified times, and red blood cells were removed by centrifugation at 2,000 ϫ g for 8 min at 4°C. The plasma was stored at Ϫ80°C. Spleen and liver homogenates were treated with protease inhibitor, centrifuged at 2,000 ϫ g for 30 s to pellet gross debris, and stored in aliquots at Ϫ80°C. IFN-␣ and IFN-␤ levels in plasma, spleen, and liver samples were determined in duplicate using the Verikine mouse IFN-␣ ELISA kit and mouse IFN-␤ high-sensitivity ELISA kit (PBL Assay Science, Piscataway, NJ) according to the manufacturers' instructions. IFN-␥ and TNF-␣ levels in samples were analyzed by Milliplex xMAP cytokine bead array (EMD Millipore, Billerica, MA) using BioPlex 200 Luminex (Bio-Rad, Hercules, CA).
In vitro infection of spleen cells. Splenocytes were prepared by Dounce homogenization of spleens followed by lysis of red blood cells and washing. Suspensions of cells at 10 7 per ml were infected with 10 PFU/cell of VV.NP-S-EGFP (expressing enhanced green fluorescent protein [EGFP]) (31, 32) . After 2 h, the volume was increased 5-fold, and the infection was continued for 16 to 20 h at 37°C. Cells were washed, incubated with anti-CD16/32 clone 2.4G2 (gift of Jack Bennink, NIAID) for 10 min, and then stained with APC-conjugated anti-CD3e, PE-conjugated anti-CD4, and peridinin chlorophyll a protein (PerCP-Cy5.5)-conjugated anti-CD8 for 1 h on ice. Alternatively, cells were stained with APC-conjugated anti-CD3, PE-conjugated anti-CD49b, and PerCP-Cy5.5-conjugated CD19. Cells were washed and suspended in 2% paraformaldehyde. Approximately 200,000 cells were acquired on a FACSCaliber cytometer using CellQuest software (BD Biosciences, San Jose, CA) and analyzed using FlowJo software (TreeStar, Cupertino, CA).
IFN-␥ and IFN-␣ administration.
A dose of 5 ϫ 10 3 units of recombinant mouse IFN-␥ (Thermo Fisher Scientific, Waltham, MA) or IFN-␣ (EMD Millipore, Billerica, MA) in 100 to 200 l of phosphatebuffered saline (PBS) was injected into the peritoneum of mice either once or on several consecutive days.
T cell depletion. MAbs against CD4 (clone GK1.5), CD8 (clone YTS 169.4), or KLH (isotype control, clone LTF-2) (Bio X Cell, Lebanon, NH) were utilized for T cell depletion. Mice were injected i.p. with 0.2 mg of MAb in 200 l of PBS on days 3 and 4 before virus challenge. The efficacy of depletion was tested by flow cytometry of cells harvested from whole blood on days 5 and 13 and from spleen when terminated on day 29. B cell depletion. Mouse anti-mouse CD20 (5D2) was generously donated by Genentech. For B cell depletion, mice were injected i.p. or intravenously with 100 to 200 g of anti-CD20 MAb, or an isotype control was administered either i.p. or intravenously. The efficacy of depletion was tested by flow cytometry of cells from whole blood and measuring the VACV antibody response by ELISA.
VACV ELISA. Endpoint serum IgG titers to VACV were determined as previously described (6) .
